In the present work, a complete, phase-resolving wave model is coupled with an iterative solver of the mean-flow equations in intermediate and shallow water depth, permitting an accurate calculation of wave set-up and wave-induced current in intermediate and shallow water environment with possibly steep bathymetric variations. The wave model is based on the consistent coupled-mode system of equations, developed by Athanassoulis & Belibassakis (1999) for the propagation of water waves in variable bathymetry regions. This model improves the predictions of the mild-slope equation, permitting the treatment of wave propagation in regions with steep bottom slope and/or large curvature. In addition, it supports the consistent calculation of wave velocity up to and including the bottom boundary. The above wave model has been further extended to include the effects of bottom friction and wave breaking, which are important factors for the calculation of radiation stresses on decreasing depth. The latter have been used as forcing terms to the mean flow equations in order to predict wave-induced set up and mean flow in open and closed domains. Numerical results obtained by the present model are presented and compared with predictions obtained by the mildslope approximation (Massel & Gourlay 2000) , and experimental data (Gourlay 1996).
INTRODUCTION
Ocean surface waves are the significant contributors to many physical processes in marine coastal zones, such as sediment transport and coastline migration in time and space, spreading and mixing of pollutants etc. Also, energy of waves propagating in the coastal zone and water turbulence associated with wave breaking impose forces on the various types of man-made structures located in the coastal zone. The evolution of water waves in the coastal zone is usually described by methods falling into phase-averaged and phase-resolving category. Phase-averaged models are commonly used to describe the wave propagation within the offshore part of the coastal zone. However, a more accurate description of waves in nearshore and coastal areas, including scattering effects due to bottom variations, is better supported by phase-resolving models that are able to provide detailed information concerning the interaction of waves with sea bed and currents.
A broad class of approximation techniques has been developed for the interaction of free-surface gravity waves with uneven bottom topography in water of intermediate depth and in shallow water; see, e.g., Massel (1989) , Dingemanns (1997) . Although the non-linear effects become significant as the shoreline is approached, a consistent linear solution is still very useful, providing useful information concerning the wave field and its impact on the nearshore environment, Massel & Pelinovsky (2001) . In addition, linear theory serves as the starting point for weakly nonlinear models, Belibassakis & Athanassoulis (2002) , and moreover, it permits the calculation of wave energy dissipation due to bottom friction and wave breaking by an indirect process and can be used to obtain the forcing terms of the mean-flow equations, Dingemanns (1997) . The latter provide valuable information concerning waveinduced set-up, mean flow and its effects on submerged shoals and coral reefs; see, e.g., Massel & Brinkman (2001) . element methods, boundary integral equation methods or hybrid techniques are available (Tsai & Yue 1996) . However, the computational cost of these techniques is high, rendering them inappropriate, especially for long-range propagation and/or in three dimensions. Thus, a constantly growing emphasis has been given on the development of wave models which better exploit the essential features of gravity waves and are better suited for long-range propagation applications.
One very attractive family of models is obtained by reformulating the problem as a system of equations on the horizontal plane with variable coefficients. Berkoff (1972) derived an one-equation model for gentle bottom slopes, called the mild-slope equation, in which the vertical distribution of the wave potential has been prescribed. Other derivations have been given by many authors; see the surveys by Mei (1983) , Massel (1989) , Porter & Chamberlain (1997) and Dingemans (1997) . Extended versions of the mild-slope equation have been presented by Massel (1993) and Porter & Staziker (1995) , in which the vertical profile of the wave potential at any horizontal position is represented by a local-mode series involving the propagating and all evanescent modes. However, this expansion has been found to be inconsistent with the Neumann condition on a sloping bottom, since each of the vertical modes involved in the local-mode series violates it and, thus, the solution, being a linear superposition of modes, behaves the same. This fact has two important consequences: (i) the velocity field in the vicinity of the bottom is poorly represented, and (ii) the wave energy is not generally conserved. This problem has been remedied by the consistent coupled-mode theory developed by Athanassoulis & Belibassakis (1999) , in which the standard local-mode representation has been enhanced by including an additional term, called the sloping-bottom mode, leading to a consistent coupled-mode system of equations. This model is free of any simplifications concerning the vertical structure of the wave field and of any assumptions concerning the smallness of the bottom slope and curvature. The latter model has been extended to treat wave propagation and diffraction in general threedimensional environments, Belibassakis et al (2001) , to predict second-order waves in variable bathymetry, Belibassakis & Athanassoulis (2002) , and it has been applied to the transformation of offshore spectra to nearshore over realistic 3D bottom topographies, Gerostathis et al (2005) .
It is well known that practical and realistic results concerning the wave motion and its impact on coastal and surf zones can be obtained by including dissipation of energy due to bottom friction and wave breaking. The inclusion of these effects in the modified mild-slope equation has been presented by Massel (1992) , by introducing appropriate damping terms. Recently, Massel & Gourlay (2000) have used this model, in conjunction with mean-flow equations, to predict wave transformation and breaking, as well as wave-induced set up, over two dimensional reef profiles of various shapes. The main conclusion of the latter work, based on the systematic comparison of the calculated and observed wave height and set-up in various configurations, is that, for moderate bottom slopes, the model predictions agree quite well with observations and experimental data. The present work aims to further improve the applicability of Massel & Gourlay (2000) approach, in intermediate and shallow waters with possibly steeper bottom slopes, in closed and in open domains, where also mean flow is permitted. In this direction, the coupledmode model is appropriately modified to include dissipation due to bottom friction and wave breaking, and then it is applied to the calculation of the radiation stresses in variable bathymetry regions. The latter constitute the main forcing term of the nonlinear mean-flow equations for general bottom topography, Dingemans (1997, Sec. 2.9) . The solution of the mean flow equations is obtained by an iterative solver providing results for both the wave-induced set up and the mean flow. The present results are found to compare favorably with the experimental measurements by Gourlay (1996) . Thus, the present approach is expected to find useful applications in the estimation the effects of the wave field on nearshore shoals, and its impact on the nearshore/coastal environment, including the effects on structures located in coastal regions, 2
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FORMULATION OF THE PROBLEM
The marine environment illustrated in Fig.1 are similarly decomposed. The wave field is excited by a harmonic incident wave, with direction of propagation normal to the depth-contours. In the framework of linearised water wave equations (Wehausen & Laitone 1960 , Mei 1983 , the fluid motion is described by the 2D wave potential
where H is the incident waveheight, g is the acceleration due to gravity, 2 / g μ ω = is the frequency parameter, and 1 i = − . The complex wave potential satisfies the Laplace's equation on the vertical plane
The above equations are supplemented by the following condition as respectively. The free surface elevation is obtained in terms of the wave potential on the free surface as follows:
propagation-diffraction problem in the variable bathymetry region can be reformulated as a matching boundary value problem in the subdomain
D . This is obtained by using complete modal-type representations of the complex wave potential in the constant-depth half strips
are vertical eigenfunctions associated with the Laplace equation and can be found in Atanassoulis & Belibassakis (1999) . Then, the coefficients
, and the function 
(2.5b)
THE COUPLED-MODE SYSTEM
The wave potential
in the variable bathymetry region is represented by the following enhanced local-mode representation (Athanassoulis & Belibassakis, 1999) :
In the above expansion the term Athanassoulis & Belibassakis (1999) . By introducing the above expansion in a variational principle, the following coupled-mode system of horizontal equations for the amplitudes of the wave potential is obtained: ( ) h x and can be found in Table 1 of Athanassoulis & Belibassakis (1999) . The coupled-mode system (3.3) is supplemented by the following boundary conditions at x=a:
(
0, 1, 2,3,..
4c) and similar ones at x=b, ensuring the complete matching of the wave field at the ends of the variable bathymetry region, Eqs. (2.5). Also, from the solution of the coupled-mode system, the reflection and transmission coefficients are calculated,
An important feature of the enhanced representation (3.1) is that it exhibits an improved rate of decay of the modal amplitudes n ϕ of the order ( )
. Thus, only a few modes suffice to obtain a convergent solution in this region, even for bottom slopes of the order of 1:1, or higher. More details about this technique, and especially concerning its application to 3D seabed topographies can be found in Belibassakis et al (2001) .
Wave energy dissipation
The coupled-mode system (3.1) deals with ideal (inviscid) flow. However, the dissipation of wave energy due to bottom friction and wave breaking can be indirectly taken into account, by including an appropriate imaginary part in the wavenumber, similarly as in the case of the mild-slope and the extended mild-slope models; see, e.g., Dingemans (1997) , Massel (1992) . Since the propagating mode
is the term that essentially controls the wave propagation features, in order to model energy dissipation, the coupled-mode system (2.11) is modified as follows: is the local wave height. In Eq. (3.8), g C is the local wave group velocity, and for turbulent flow, the bottom friction coefficient w f is dependent on the bottom surface roughness, taking values in the interval 0. in natural conditions; see Nelson (1996) . The coefficient
f is of order of 0.01 for sandy bottoms; see Longuet-Higgins (1970) and Dingemans (1997) . Following Massel & Gourlay (2000) , the wave breaking dissipation coefficient ( )
and zero otherwise. In the above equation C=ω/k is the local phase velocity, H m (x) is the local maximum allowable wave height, and
is an empirical coefficient. In the present work, the expressions suggested by Massel & Gourlay (2000) have been used for H m and α . In particular, the following formula has been used to determine the subregions where breaking occurs, .11) and zero otherwise. The latter has been found to accurately reproduce various data in cases with moderate and large bottom slopes examined by Massel & Gourlay (2000) .
MEAN FLOW EQUATIONS IN VARIABLE DEPTH
Shoaling, refraction, diffraction and dissipation processes, in intermediate and shallow water depth, induce changes in the radiation stresses, which, acting as specific type of forcing to the depth-averaged momentum equations, produce variations to the mean sea level and the mean flow. The purpose of this subsection is to present and discuss the set of equations used in the present work, in conjunction with the consistent coupledmode theory, for calculating the wave-induced mean flow and set-up in variable bathymetry regions. The averaged or mean-
Copyright © 2007 by ASME flow equations are derived from the continuity and the momentum (Euler) equations for incompressible flow, subjected to the kinematic and dynamic boundary conditions; see, e.g., Mei (1983, Sec. 10.2) 
which, for steady mean flow
in the following form
The latter can be integrated (along x-direction) to give the distribution of the mean flow in terms of the set-up
where is a constant controlling the incoming mean flow. The conservation of depth-averaged momentum in its timeindependent version reads as follows, (Dingemans, 1997) 
where , S b τ τ , denote the average free-surface and bottomsurface stresses. The term xx S is the radiation stress, defined by (Dingemans 1997 For relatively short fetches or in cases without significant input of energy by wind, the free-surface stress is considered to be considerably smaller than the bottom stress, thus, it can be neglected. Moreover, in the case of a mildlysloped bottom the last term in the right-hand side of Eq. (4.4b) can be dropped. Under these assumptions, the depth-averaged momentum equation (4.4) becomes as follows:
The leading-order term of the radiation stress is obtained from (4.5) as follows ( 
, ; , ;
x z t u x z t x ∂Φ = ∂ . Moreover, in the case when the complex wave field ( )
, as happens to be our case when the series (3.1) is truncated keeping only to the propagating mode (n=0), then the expression of the radiation stress is further simplified as follows (see also Dingemans, 1997 , Sec. 1.9):
The bottom stress 8) where, as a first approximation, can be estimated using data concerning the frictional coefficient of rough flat plate in a stream of speed U; see, e.g. Schlicting (1955) . Eq. (4.6) can be further partially linearised, as e.g., in Massel & Brinkman (2001) . Thus, the following, simplified model of the averaged momentum equation is obtained
where f c is a (globally average) value of the bottom friction coefficient, and b u is the bottom wave-induced orbital velocity. Eliminating the mean velocity U from Eqs. (4.9) and (4.3b) we obtain the following second-order equation (which is usually valid), and using a representative value of the bottom orbital velocity for the whole region, then r = const.
Also, the term is small and can be neglected. In this case, the present Eq. (5.10) finally simplifies to the linear model studied by Massel and Brinkman (2001) ,
We note here that for water depth ( ) h x changing linearly with the horizontal distance x, Eq. (4.11) can be solved analytically without any numerical approximations, leading to very useful results for the understanding of the wave induced set-up over piecewisce linear bottom profiles (Massel & Brinkman, 2000) .
Boundary conditions
The present model is based on the system of Eqs. (4.3) and (4.6), in conjunction with Eq. (4.5) for the calculation of the radiation stress and Eqs. (4.8) for the bottom stress. In the case of open domains, where mean flow is permitted, the system is solved as a boundary value problem, based on the assumption of zero set-up far from the bottom inhomogeneity
This represents also the case of Gourlay(1996) open-lagoon experiments where the water level in front of the step ("ocean") and behind the step ("lagoon") was kept a constant.
In the case of closed domains mean flow is necessarily zero , and the present system reduces to the following firstorder equation Comparisons between the present model, Eqs. (4.3) and (4.6), and the simplified models (4.10) and (4.11) in various cases has shown that the present method leads to superior predictions without significantly adding to the computational cost. In the next section, we concentrate ourselves in the presentation of numerical predictions by the present models based on Eqs. (3.3, 4.3, 4.6) in cases where experimental data are also available. We note here that since the wave energy dissipation depends on the wave properties (recall Eqs. 3.8, 3.9) , that could also be considered to be dependent on the physical ( ) m h η + rather than the geometrical depth , the present system is non-linear and iterations are necessary for its numerical solution.
( ) h

NUMERICAL RESULTS AND CONCLUSIONS
Numerical results obtained by the present method in the case of a closed domain, for various incident wave conditions, are presented and compared in Fig.2 and Table 1 vs. experimental measurements by Gourlay (1996) . The present coupled-mode system has been solved by keeping only three terms in the localmode series (3.1), the propagating mode ( 0 n = ), the slopingbottom mode ( 1 n = − ) and the first evanescent mode ( 1 n = ), which were found to be enough for numerical convergence. Moreover, for an open domain, where also flow is permitted, similar results obtained by the present method are presented in Fig.3 , and are compared with experimental measurements by Gourlay (1996) in Table 2 . The various cases correspond to different incident wave conditions as reported by Gourlay (1996) . Our results have been obtained by using a (constant) value of =0.02. In all cases examined it is shown that the present model results are in very good agreement with the experimental measurements. Athanassoulis & Belibassakis (1999) for the calculation of wave field over variable bathymetry regions, which has been recently extended to 3D by Belibassakis et al (2001) and to second-order Stokes waves in variable bathymetry regions by Belibassakis & Athanassoulis (2002) . The consistent coupled-mode theory improves the predictions of the mild-slope equation, permitting the treatment of wave propagation in regions with steep bottom slope and/or large curvature. In addition, it supports the correct calculation of wave velocity up to and including the bottom boundary. Following the approach by Massel & Gourlay (2000) , this wave model has been further extended to include the effects of bottom friction and wave breaking, which are important factor for the correct calculation of radiation stresses. The latter are then used as forcing to the mean flow equations in variable bathymetry, permitting us to obtain enhanced predictions of wave-induced set up and mean flow both for open and closed domains, with general bottom profiles.
Comparisons in various cases has shown that the present model provides results in very good agreement with experimental measurements and in compatibility with other (more simplified) theoretical models, without adding significantly into the computational cost. Thus, the present approach is expected to find useful applications in the estimation the effects of the wave field on offshore and nearshore shoals, coral reefs and structures located in the coastal zone, and its impact on the nearshore/coastal environment, especially in cases where the bathymetric variations are not so small and the mild-slope hypothesis is not valid. Finally, although in this work 2D shoals (parallel bottom contours) have been considered, the present model permits its extension to treat more realistic 3D bottom topographies.
